Storage and Retrieval of a Squeezed Vacuum 
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Storage and retrieval of a squeezed vacuum was successfully demonstrated using electromagneti- 
cally induced transparency. 930 ns of the squeezed vacuum pulse was incident on the laser cooled 
87 Rb atoms with an intense control light in a coherent state. When the squeezed vacuum pulse was 
slowed and spatially compressed in the cold atoms, the control light was switched off. After 3 /is 
of storage, the control light was switched on again and the squeezed vacuum was retrieved, as was 
confirmed using the time-domain homodyne method. 

PACS numbers: 42.50.Dv, 42.50.Gy 



Storing photonic information in the atomic ensemble 
is one of the most important tasks to implement com- 
plicated protocols related to quantum repeaters or lo- 
cal networking. Experimental research into quantum 
memory has primarily followed two paths. The first is 
a method based on electromagnetically induced trans- 
parency (EIT) [J i, 0, i, H, 0, and the second involves 
the use of quantum non-demolition measurement (QND) 
of spins @, [a]- Storage of the single photon state was suc- 
cessfully demonstrated with the EIT using nonclassical 
lights generated from atoms d, § or those created by the 
parametric process Storage for continuous variable of 
light was also demonstrated with spin QND using coher- 
ent state of light, where the obtained fidelity between the 
incident and the retrieved lights was significantly higher 
than the limit for classical recording [7j. However, no 
quantum memory has been reported up to now for non- 
classical continuous variable of light. In the present pa- 
per, we report on the successful demonstration of storage 
and retrieval of the squeezed vacuum using cold ensem- 
ble of Rb atoms as a memory medium, where quadrature 
noise of the retrieved light was monitored with the ho- 
modyne method and sub-shot noise feature was clearly 
observed. 

Our experimental setup is shown schematically in 
FigfT] We used laser cooled 87 Rb atoms as an EIT 
medium, since high transmittance can be easily achieved 
in the EItJI^I and all atoms can be hyperfinc pumped 
before starting the experiment. In the experiment using 
a hot glass cell, fresh atoms always enter the beam area 
and emit photons through the hyperfme pumping pro- 
cess, which may lead to unwanted elevation of shot noise 
level. 

All of the data in our experiment were obtained 
through the cycle which consisted of the preparation of a 
cold atomic sample in 5 2 Si/2 F = 1 state (9 ms) and the 
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FIG. 1: (Color online) Schematic diagram of the experimen- 
tal apparatus. The inset shows the energy diagram for 87 Rb 
used for the EIT. YVO4: frequency-doubled YVO4 laser; TiS: 
Ti:sapphire laser; BS: beam splitter; PD: photo detector; LO: 
local oscillator; HD: homodyne detector; DBM: double bal- 
anced mixer; AOM: acoustic-optical modulator; COM: com- 
puter for data acquisition and analysis. 



measurement period (1 ms) (about the detail, see [HI). 
During the measurement period, the EIT was observed 
with the squeezed vacuum, where the optical depth of 
the cold atomic sample was approximately five. The 
probe and control transitions were F — 1 <-> F' = 2 
and F — 2 <-> F' = 2 in Di line. The beat signal be- 
tween two Tbsapphire lasers (TiSl and TiS2) was mixed 
with the synthesizer output and the beat frequency was 
reduced enough to drive an acoustic-optical modulator 
(AOM). The frequency difference between the light from 
TiSl and the control light generated by diffracting the 
output of TiS2 with the AOM was stabilized to hyper- 
fine splitting of two ground states by this feed- forwarding 
method 11 1 . 

As the probe light, the squeezed vacuum was gener- 
ated with a sub-threshold optical parametric oscillator 
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(OPO) driven by the second harmonic light from a dou- 
bler, where periodically-poled KTiOP04 crystals were 
utilized [l2j]. The quadrature amplitude of the generated 
squeezed vacuum was detected using a balanced optical 
homodyne detector (HD). 

Power drift of a local oscillator (LO) directly affects the 
precision of the shot noise level. Since three hours were 
taken to acquire the data, the LO power was monitored 
and actively stabilized, where the standard deviation for 
the LO power drift during three hours was suppressed to 
0.004 dB (0.1%). 

Usually a LO beam has high frequency classical power 
noises and there is also slight power imbalance between 
two LO beams incident on the two photodetectors of a 
homodyne system, which means experimentally obtained 
shot noise is slightly larger than the real one. To min- 
imize such a difference, we first applied classical power 
modulation to the LO and compensated the modulation 
signal from the HD by changing the reflectivity of the half 
beam splitter, which was carried out by adjusting the an- 
gle of the splitter. Eventually we could achieve —58 dB of 
suppression for the classical modulation. Next, we mea- 
sured the classical power noise of the LO beam. We cut 
off one of the LO beams without classical modulation 
in front of the photodetector and measured the varia- 
tion of the noise level. The classical noise level of the LO 
beam averaged over the bandwidth from 1 MHz to 2 MHz 
was approximately +3 dB against the shot noise. These 
results mean the difference between experimentally ob- 
tained shot noise level and the real one was extremely 
small. 

In order to analyze the quadrature noise of the probe 



field, we employed the time-domain method[10|, [13|, 1 14 
15|, where we acquired the signals from the homodyne 
detector using a computer and performed Fourier trans- 
form of the obtained real-time waveforms. We hereinafter 
represent the measured power noise as 5(#), where 9 is 
the phase difference between the squeezed vacuum and 
the LO. Note that we define the relative phase 9 such 
that S(9) is maximized (minimized) at 9 = ir/2 (0). 

In the experiment, the relative phase 9 between the 
squeezed vacuum and the LO was actively stabilized us- 
ing a weak coherent state of light from TiSl (locking 
beam) and two PZTs during the cold atom preparation 
period. The technical detail is described in [lOj. Just 
before the depumping stage, the locking light was shut 
off using two AOMs in front of the OPO, and the feed- 
back voltages to the PZTs were held, which enabled us 
to observe the squeezed vacuum that passed through the 
atoms in the absence of the locking light during the 1- 
ms measurement period. The same circular polarizations 
were utilized for both the squeezed vacuum and the con- 
trol lights. The optical path of the squeezed vacuum was 
crossed with that of the control light with an angle of 
2.5° at the center of the atomic ensemble. The 1/e 2 - 
radii of the control light and the squeezed vacuum at the 
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FIG. 2: (Color online) Frequency spectra of the quadrature 
noise for the squeezed vacuum. (1): shot noise; (2): electric 
noise from the homodyne detector; (3): quadrature noise at 
6 = tt/2, 5(71/2); (4): quadrature noise at 9 = 0, S(0); (5), (6): 
S(tv/2) and S(0) of the squeezed vacuum transmitted through 
the EIT medium. 



ensemble were 550 /xm and 150 /xm, respectively. 

The noise spectra of the squeezed vacuum are shown 
in Fig. [21 where the real-time homodyne signal was ac- 
quired with a sampling rate of 5 x 10 7 samplcs/s. Ver- 
tical resolution of the digital oscilloscope was 8 bits and 
thus the dynamic range for the power measurement was 
almost 50 dB. The obtained Fourier-transformed power 
noise was averaged over 1,000 trials. Trace (1) indi- 
cates the shot noise, and Trace (2) indicates the ther- 
mal noise of the detector, where the sharp peaks in the 
frequency region below 700 kHz were due to the electric 
noise from the environment. Traces (3) and (4) indicate 
S(tv/2) and 5(0) of the squeezed vacuum without the 
cold atoms. The levels of S(w/2) and 5(0) with respect 
to the shot noise were approximately 6 dB and —2 dB, 
respectively. Squeezing level was limited mainly due to 
the gray track of the nonlinear crystal. Traces (5) and 
(6) indicate S(n/2) and 5(0) of the squeezed vacuum, 
which passed through the EIT medium. The amplifica- 
tion and attenuation of the quadrature noises were ob- 
served within some limited bandwidth, which is a clear 
feature of the EIT [l(| ■ The full bandwidth at half max- 
imum of both S(ir/2) and 5(0) were estimated to be 2.7 
MHz for the control light power of 0.3 mW. 

Next, we performed the storage and retrieval of the 
pulsed squeezed vacuum by dynamically changing the 
control light intensity. In our experiment, 930 ns of the 
squeezed vacuum pulses were created from the contin- 
uous squeezed vacuum using two AOMs. In order to 
prevent unwanted optical loss, we used a Oth-order (non- 
diffracted) beam as the probe pulse, rather than a 1st- 
order diffracted light fl6| . As a result of the finite diffrac- 
tion efficiency of the AOMs, there was a residual photon 
flux at the tail of the pulse, which was 5% of the peak of 
the pulse. We injected the squeezed vacuum pulse into 
the cold atoms. When the squeezed vacuum pulse was 
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FIG. 3: (Color online) Temporal variations of the photon 
fluxes of the squeezed vacuum pulses analyzed by the method 
I. The inset shows those obtained by the method II. In the 
case of the storage, the control light was shut off at /is and 
switched on at 3 /is. (1): original pulse; (2): delayed pulse; 
(3): stored and retrieved pulse. 



compressed in the atoms due to the slow propagation, 
we shut off the control light inducing the transparency 
and the state of the light was mapped onto the atoms. 
Switching the control light on after 3 /is of storage, the 
light having the original pulse information was retrieved. 
It is noted that the relative phase between the retrieved 
light and the LO is determined by that between the con- 
trol light and the LO in a frame rotating with the fre- 
quency of hyperfine splitting. The employment of the 
feed-forwarding method is thus inevitable. One sequence 
consisted of 11 /is, and we repeated the same sequences 
90 times during the 1-ms measurement period. Measure- 
ment was repeated 10 4 times, and the power noise for 
the quadrature amplitude was averaged over all of the 
sequences. The sampling rate was 2 x 10 8 samples/s. 

In order to evaluate the temporal variation of the 
quadrature noise, we employed two different methods. In 
the first method (hereinafter called method I), Fourier- 
transformation was performed for each 640 ns of the time 
window, which corresponded to the time resolution of 
this analysis. Here, the quadrature noise with the band- 
width of 1 MHz and the center frequency of 1.5 MHz 
was evaluated. In the second method (hereinafter called 
method II), a temporal function was estimated from the 
storage experiment with a coherent state of light, which 
was f(t — to) = cxp[— (t — t )/r] and r = 250 ns. The ob- 
tained homodyne signal was multiplied by f(t — to) and 
was integrated from to to to + 750 ns so that the quadra- 
ture signal having the temporal mode of fit — to) was 



evaluated [17|. Advantage of the method I is that con- 



tribution of electric noise from the environment can be 
neglected because only the high frequency component is 
used for the analysis. Disadvantage is that the squeezing 
is degraded, since high frequency component experienced 
optical loss due to the limited EIT window (see Traces 



(5) and (6) in Fig. 2). In contrast, the second method has 
an advantage that the squeezing level extracted from the 
real time homodyne signal can be maximized, since the 
temporal function determining the quadrature mode is 
matched by that of the retrieved pulse. It is noted that 
Fourier transform of f(t — to) is Lorentzian with the band- 
width of 640kHz. Therefore, the squeezing in the low fre- 
quency region is included in this analysis. Since we have 
the whole spectrum of our homodyne system (Fig. 2), in 
the second analysis we excluded specific frequency com- 
ponents where classical spike noises appeared. 

We first confirmed that the photon flux of the squeezed 
vacuum was slowed, stored, and retrieved. In general, an 
averaged photon number is proportional to S(8) + S(8 + 
7r/2) — 2, when S(9) is normalized with the shot noise. 
Figure [3] shows temporal variation of the photon flux an- 
alyzed by the method I. Trace (1) indicates the photon 
flux of the original squeezed vacuum pulse in the absence 
of the cold atoms. Trace (2) corresponds to the squeezed 
vacuum pulse that passed through the cold atoms under 
the EIT, where the pulse was delayed for 135 ns compared 
to the original squeezed vacuum pulse [l6|. Trace (3) indi- 
cates the photon flux of the squeezed vacuum pulse when 
the control light was shut off at fj,s and re-injected after 
3 /is. While the height of the retrieved photon flux was 
only 20% of that of the delayed pulse, it was still higher 
than the residual photon fluxes at the tails of the delayed 
and original pulses. After retrieval, the tail of the signal 
gradually matched the photon flux of the delayed pulse. 
This is reasonable because the atomic state was consid- 
ered to approach the steady state of the EIT constructed 
by the residual squeezed vacuum and the control light 
after the retrieval of the stored pulse. The inset of Fig. 
3 shows the photon fluxes obtained by the method II. 
Since the squeezing in the low frequency region is ana- 
lyzed, photon flux under the EIT is increased. 

The main purpose of our experiment is to show that 
phase sensitive quadrature noise can be stored and re- 
trieved using the EIT. Figure 2] shows the temporal vari- 
ations of quadrature noises S{-k/2) and 5(0) obtained by 
the method I, where Traces (1) and (2) are the shot noise. 
Traces (3) and (4) are the S(ir/2) and 5(0) of the orig- 
inal pulse in the absence of the cold atoms. Traces (5) 
and (6) show S(n/2) and 5(0) of the pulse delayed by 
the EIT and Traces (7) and (8) are those when storage 
and retrieval were performed. While the control light 
was shut off, the noise levels matched the shot noise be- 
cause the squeezed vacuum was completely absorbed by 
the optically dense atomic medium. When the control 
light was switched on again, quadrature noise levels sud- 
denly changed and 0.489 ± 0.007 dB (+11.9%) of the 
anti-squeezing and -0.070 ± 0.006 dB (-1.6%) of the 
squeezing were obtained, where both the statistical error 
and the standard deviation of the LO power drift were 
included. The insets of Fig. 4 represent the results ob- 
tained by the method II, where 0.90 ±0.01 dB (+23%) of 
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FIG. 4: (Color online) Temporal variation of the quadrature 
noises, S(tt/2) and S(0) obtained by the method I. The insets 
are those analyzed by the method II. The upper diagram is 
for S{tt /2) and the lower diagram is for 5*(0). The power noise 
levels were normalized with the shot noise. (1) and (2): shot 
noise; (3) and (4): original pulses; (5) and (6): delayed pulses; 
(7) and (8): stored and retrieved pulses. 



the anti-squeezing and —0.16 ± 0.01 dB (—3.6%) of the 
squeezing were extracted. While these values are remark- 
ably small, they clearly exceed the values of the tails of 
the delayed pulse, as well as that of the original pulse. 
Optimizing the temporal shape of the incident squeezed 
vacuum will help to increase the retrieval efficiency and 
improve the squeezing levelflil]. The anti-squeezing and 
squeezing for the incident light estimated by the method 
II were 4.10 ± 0.01 dB (+157%) and -1.24 ± 0.01 dB 
(—24.8%), respectively. While fidelity between the in- 
cident and the retrieved lights can be calculated from 
these results [l9[ , such a discussion is misleading. The fi- 
delity approaches 1 as the squeezing of the incident light 
decreases, because the state was not displaced from the 
vacuum [201 . 

We independently measured the squeezing of the re- 
trieved lights for 2 /is and 4 fis of the storage durations. 
Increasing the storage time by 2 /is, the retrieved squeez- 
ing (the offset was subtracted) decreased by half. We also 
measured the residual magnetic field caused by the eddy 
current. Atomic coherence time determined by inhomo- 
geneous broadening of the ground states was estimated to 
be the order of 10 /is. We do not have a clear explanation 



about this discrepancy. 

In conclusion, we have succeeded in storing and re- 
trieving the squeezed vacuum with the EIT. Note that 
when the squeezed vacuum is stored in the atomic en- 
semble, the collective atomic spins are also squeezed 
and their quantum fluctuation is suppressed below the 
standard quantum limit 0, El, \2^- Performing a single 
photon count for the field retrieved partially from the 
squeezed atoms, a highly nonclassical atomic state will 
be generated 0, 0, [24 1 . 
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